Clements RT, Feng J, Cordeiro B, Bianchi C, Sellke FW. p38 MAPK-dependent small HSP27 and ␣B-crystallin phosphorylation in regulation of myocardial function following cardioplegic arrest. Am J Physiol Heart Circ Physiol 300: H1669 -H1677, 2011. First published February 25, 2011 doi:10.1152/ajpheart.00272.2010We previously demonstrated that myocardial p38 mitogen-activated protein kinase (MAPK) and heat shock protein 27 (HSP27) are phosphorylated following cardioplegic arrest in patients undergoing cardiac surgery and correlate with reduced cardiac function. The following studies were performed to determine whether inhibition of p38 MAPK and/or overexpression of nonphosphorylatable HSP27 improves cardiac function following cardioplegic arrest. Langendorff-perfused isolated rat hearts were subjected to 2 h of intermittent cold cardioplegia followed by 30 min of reperfusion. Hearts were treated with (CPϩSB) or without (CP) the p38 MAPK inhibitor SB-203580 (5 M) supplied in the cardioplegia. Sham-treated hearts served as controls. In separate experiments, isolated rat ventricular myocytes infected with either green fluorescent protein (GFP) or a nonphosphorylatable HSP27 mutant (3A-HSP27) were subjected to 3 h of cold hypoxic cardioplegia and simulated reperfusion (CP) followed by video microscopy and length change measurements. 
cluding myocyte hypoxia, acidosis, oxidant-dependent damage, metabolic and structural alterations, and reduced cardiac function (2, 17, 18, 29) . The small heat shock proteins (sHSP) heat shock protein 27 (HSP27) and ␣B-crystallin (cryAB) are phosphorylated in response to all of these ischemic insults (4, 11, 30) .
One pathway involved in myocardial contractile defects post-CP/CPB may be the p38 mitogen-activated protein kinase (MAPK) signaling cascade. p38 MAPK is activated by various cytokines and stress signals including ischemia-reperfusion (I/R) and subsequent oxidant stress (19) . The p38 MAPK/ MAPKAP-2 pathway can phosphorylate both HSP27 and cryAB (15, 20) . In addition, numerous studies have demonstrated ischemia or hypoxia-dependent activation of p38 MAPK decreases contractile function of isolated perfused hearts and isolated myocyte preparations (3, 12, 21, 28) . In addition, both phosphorylation of HSP27 and knockout of cryAB have been implicated in reduced cardiac function post-I/R injury (14, 24) .
p38 MAPK activity is increased in human myocardial tissue post-CP/CPB (7, 26) . We previously characterized the p38 MAPK, HSP27, and cryAB phosphorylation response in atrial myocardium of patients undergoing CP/CPB for coronary artery bypass graft or valve repair (7) . CP/CPB results in a significant increase in phosphorylation of p38 MAPK, HSP27, and cryAB. In addition, the increased phosphorylation of HSP27 and cryAB negatively correlate with the patient cardiac index measured in the postsurgical intensive care unit.
The purpose of the following experiments was to determine whether inhibition of p38 MAPK-mediated sHSP phosphorylation or overexpression of a nonphosphorylatable HSP27 could alleviate CP-induced myocardial stunning.
METHODS
All animal protocols were approved by the Rhode Island Hospital Institutional Animal Care and Use Committee.
Isolated Langendorff-perfused model of cardioplegic arrest. Male Sprague-Dawley rats (Charles River, MA) were anesthetized intraperitoneally with 80 mg/kg ketamine and 5 mg/kg xylazine, anticoagulated with heparin (2,000 U/kg iv), and the heart was rapidly exposed. The aorta was immediately cannulated and retrogradely perfused in Langendorff mode with a water-jacketed organ chamber and perfusion system (IH-SR; Harvard Apparatus, Boston, MA). The hearts were perfused in constant-pressure mode (ϳ70 mmHg) with a modified Krebs-Henseleit buffer (KHB; in mM: 118 NaCl, 4.7 KCl, 1.25 CaCl 2, 1.66 MgSO4, 24.88 NaHCO3, 1.18 KH2PO4, 5.55 glucose, and 2.0 Na-pyruvate) for 30 min to stabilize and record baseline measurements. After cannulation, the heart was cleaned of excess tissue and vessels, the left atrium was removed, and a balloon was placed in the left ventricle. Left ventricular end-diastolic pressure was set to ϳ8 mmHg at the beginning of the experiment. A temperature probe placed in the pulmonary artery monitored myocardial temper-ature. During baseline measurements, myocardial temperature was maintained at 37°C. Groups subjected to cold crystalloid cardioplegia solution [with (CPϩSB) or without (CP) the p38 MAPK inhibitor SB-203580 (5 M) supplied in the cardioplegia] were perfused with St. Thomas II solution (in mM: 110 NaCl, 16 KCl, 16 MgCl 2, 1.5 CaCl2, and 10 NaHCO3). Myocardial cooling during CP was initiated at the onset of cardioplegia infusion by rapidly switching the Langendorff organ chamber and perfusate to a refrigerated circulator. Myocardial temperature was maintained at 10°C for the duration of CP. Cardioplegia groups were perfused initially for 2 min, followed by a 1-min infusion at 30, 60, and 90 min of arrest, respectively. After 120 min, the organ chamber and perfusate were switched back to a heating circulator and the heart was perfused at 70 mmHg with modified KHB. Myocardial temperature was subsequently maintained at 37°C. Indexes of ventricular function, perfusion pressure, myocardial temperature, and organ chamber temperature were measured continuously throughout the experiment using a LDS-Ponemah data acquisition system. At the conclusion of the experiment, the heart was removed from the perfusion apparatus and a small midtransverse slice was removed and immediately placed in 10% formalin for confocal microscopy. The remainder of the tissue was immediately place in liquid N 2.
Experiments evaluating the role of SB-203580 alone. Briefly, hearts (n ϭ 3) were perfused for 30 min with KHB as described above to record baseline measurements. Hearts were then perfused with 200 ml of KHB ϩ 5 M SB-203580 for 30 min in recirculation mode at 37°C. Hemodynamic measurements were continuously recorded. For indexes of HSP27 and cryAB phosphorylation, SB-203580-treated hearts were compared with sham-perfused hearts as described above. All other parameters were the same as described above (see Supplemental Figs. S1 and S2). (Supplemental data for this article is available online at the American Journal of Physiology-Heart and Circulatory Physiology website.)
SDS-PAGE and immunoblotting. SDS-PAGE and immunoblotting were performed using standard methodology as previously described (6) . Antibodies for immunoblotting and confocal microscopy were as follows: phospho-specific and total HSP27, total HSP25, and cryAB antibodies were obtained from Stressgen (Vancouver, BC); phosphoand total p38 MAPK were obtained from Cell Signaling (Danvers, MA), and anti-MLC-2v was obtained from Synaptic Systems (Göt-tingen, Germany). For purposes of clarity, all blots shown are labeled with the amino acid residue corresponding to the human HSP27 numbering sequence (to which the antibodies were raised). In rats, the numbering sequence is slightly different from that in humans: Ser15 is the same in both species, the residue corresponding to Ser78 in humans is an asparagine at residue 82, and Ser82 in human HSP27 corresponds to Ser86 in rat HSP27. In addition, the rat homolog of HSP27 is termed HSP25. For purposes of clarity, we refer to total levels of rat HSP25 as HSP27, although all blots for rat total HSP27 were performed with the anti-HSP25 antibody described above.
Triton insolubility assay. For Western blots examining soluble/ insoluble fractions for HSP27 and cryAB, tissue was lysed as described above with 20 mM Tris, pH 7.4, 0.1% Triton X-100, protease, and phosphatase inhibitors. Lysates were centrifuged at 14,000 g at 4°C for 10 min. Supernatants were taken as the Triton-soluble fraction, and pellets were resuspended in an equal volume of SDS sample buffer, rehomogenized with a Polytron homogenizer, and centrifuged at 14,000 g for 10 min at 4°C. Immunoblotting and protein concentration assay with appropriate standards were performed as described above. To determine the quality of fractionation, we blotted known Triton-soluble and -insoluble proteins [phospholamban (Millipore) and MyBPC3 (Santa Cruz Biotechnology, Santa Cruz, CA), respectively (see Supplemental Materials)].
Confocal immunofluorescent microscopy. Tissue was fixed overnight, embedded in paraffin blocks, and cut into 4-m sections. Deparaffinized slides were boiled in 10 mM Na-citrate (pH 6.0) for 10 min. Blocking and overnight primary incubation (4°C) were performed with 2% bovine serum albumin (BSA) in Tris-buffered saline (TBS). Slides were washed three times with TBS and incubated with the appropriate Alexa Fluor secondary antibodies and ToPro-3 (Invitrogen, San Diego, CA) followed by mounting with fluorescent mounting medium (Vector Laboratories, Burlingame, CA). Tissue was visualized using a Zeiss LSM-510 meta confocal microscope system (Stuttgart, Germany). Tissue labeled with secondary antibody only was used as a negative control.
Adenoviral expression of recombinant proteins. Green fluorescent protein (GFP; a gift of P. A. Vincent, Albany, NY) and human HSP27-3A (a gift of W. Gerthoffer, as described in Ref. 13 ) were used. The human HSP27-3A construct has the serine residues at Ser15, Ser78, and Ser82 mutated to alanine. Serine 82 corresponds to Ser86 in the rat numbering sequence. The rat residue corresponding to Ser78 is an asparagine. Acquired recombinant adenoviruses were amplified in QBI-293A cells and purified using cesium chloride gradients as previously described (5) . All infections of mutant sHSP proteins were accompanied by control infection with GFP by using a multiplicity of infection greater than or equal to the greatest viral number used in the experimental groups. All infections were for 24 h.
Culture and purification of adult rat cardiomyocytes. Adult rat cardiomyocyte cultures were obtained from hearts according to a previously published protocol with modifications (16) . Briefly, hearts were excised from anesthetized adult rats, the aorta was cannulated, and hearts were perfused with 0.3% collagenase solution in perfusion buffer consisting of MEM (Joklik modification) supplemented with creatine, 2,3-butanedione monoximine, taurine, and insulin for 45 min. After perfusion, ventricles were removed and minced in Ca 2ϩ -free collagenase solution for 3-5 min. Chunks were then incubated in 10 ml of perfusion buffer supplemented with BSA and 0.3 mM CaCl2. Cells were washed in collagenase-free perfusion buffer three times with centrifugation. Myocytes were resuspended in DMEM culture medium supplemented with creatine, carnitine, taurine, penicillin/ streptomycin, and insulin. Myocytes were plated at a density of 2 ϫ 10 4 cells/cm 2 on 4 g/ml laminin-coated dishes (Western blots) or microscope slides (cell length recording) for adenoviral infection the following day.
In vitro CP and myocyte length recordings. Cultured rat myocytes were switched to crystalloid cardioplegia solution bubbled with 5% CO 2-95% N2 under anoxic conditions. Cells were placed in a hypoxia chamber evacuated with 5% CO2-95% N2 for the indicated times and retained at room temperature. For simulated reperfusion, CP-treated cells were removed from the hypoxic chamber and returned to the cell culture incubator, and cardioplegia solution was replaced with a modified Tyrode buffer containing (in mM) 118 NaCl, 25 KCl, 1.25 CaCl 2, 16 MgCl2, 10 NaHCO3, and 11 glucose. Control cells were switched from medium and maintained in Tyrode buffer in a standard cell culture incubator for the duration of CP. For length measurement, cells were moved to a heated stage with temperature-controlled perfusion and field stimulation capable of accepting 35-mm culture dishes (Harvard Apparatus). The cells were imaged via a chargecoupled device camera-equipped inverted microscope attached to a raster line video edge detector (Living Systems Instrumentation, Burlington, VT). Voltage signals were captured via a data acquisition unit attached to a computer running Ponemah physiology platform software. The recorded length data can be visualized in real time at 60 Hz via a computer monitor and stored for subsequent analysis of percent length change and rate of change in length over time. The video edge detector and data capture software were calibrated using voltage signals from a slide micrometer before each experiment. Only rod-shaped viable cells that responded appropriately to field stimulation were used.
RESULTS
p38 MAPK mediates CP-induced myocardial stunning in the isolated heart. Cold crystalloid CP for 2 h in the isolated rat heart causes depressed cardiac contractile function on reperfusion. Figure 1A displays the tracings for a representative experiment with CP delivery. During CP, myocardial temperature was maintained at ϳ10°C, followed by rewarming to 37°C during reperfusion (Fig. 1A, bottom tracing) . On reperfusion there were significant reductions in systolic pressure, developed pressure (LVP; Fig. 1A, top tracing) , and positive and negative first derivatives of LVP (ϮdP/dt; Fig. 1A, middle  tracing) . Inclusion of the p38 MAPK inhibitor SB-203580 in the cardioplegic solution improved the CP-induced depressed cardiac function relative to baseline (Fig. 1B, middle and  bottom traces) .
Postreperfusion, inhibition of p38 MAPK significantly improved indexes of cardiac function, including developed pressure ( Fig. 2A) , ϮdP/dt (Fig. 2, B and C) , and the relaxation time constant (Fig. 2D ). There were no significant changes in heart rate between CP and CPϩSB groups (Fig. 2E) . A separate study evaluating SB-203580 treatment alone showed no changes in cardiac function parameters, with the exception of a small increase in ϩdP/dt after 30 min of 5 M SB-203580. These results indicate that improved cardiac function post-CP is not a generalized effect of SB-203580 independent of injury (see Supplemental Fig. 1 ). 
Inhibition of p38 MAPK blocks CP-induced phosphorylation of p38 MAPK, HSP27
, and cryAB phosphorylation. CP significantly elevated phosphorylation of p38 MAPK relative to 150 min of sham perfusion. Phosphorylation of p38 MAPK was blocked with 5 M SB-203580 supplied in the cardioplegic solution (Fig. 3) .
CP significantly increased the phosphorylation of HSP27 on both Ser15 (Fig. 4A, top) and Ser82 (Fig. 4A, middle) as well as increased phosphorylation of cryAB on Ser59 (Fig. 4B) . Inhibition of p38 MAPK was associated with significantly decreased phosphorylation of both HSP27 and cryAB (Fig. 4,  right) . SB-203580 treatment alone decreased basal HSP27 and cryAB phosphorylation compared with sham-perfused hearts, indicating that modulation of HSP phosphorylation does not affect cardiac function under basal conditions (Supplemental Fig. S1B ).
Confocal microscopy revealed that CP induced increases in phosphorylation of both HSP27 (Fig. 5A, red) and cryAB (Fig.  5B , red) in cardiomyocytes as revealed by costaining with MLC-2v (Fig. 5, A and B, green). Higher magnification images (Fig. 5C, top) revealed staining of phosphorylation of HSP27 on Ser82 was more diffuse than did our earlier investigations in human myocardium demonstrating translocation to z lines (7). However, phosphorylation of cryAB was localized to z lines of cardiomyocytes as demonstrated by alternating staining with MLC-2v (Fig. 5C, bottom) . In contrast to human myocardium (7), there were no differences in the ratio of soluble to insoluble total HSP27 and cryAB, indicating an absence of translocation (see Supplemental Fig. S2 ). Inhibition of p38 MAPK displayed a significant decrease in phosphorylation of both HSP27 and cryAB. There was no significant signal with secondary antibody alone (Fig. 5A, far right) .
Overexpression of nonphosphorylatable HSP27 or p38 MAPK inhibition alleviates CP-impaired contractility in vitro.
To further explore the role of sHSP phosphorylation in CPinduced depressed contractile function, we subjected isolated rat cardiomyocytes to in vitro CP and simulated reperfusion with reoxygenation and rewarming. In vitro CP resulted in depressed myocyte contraction as determined by decreased myocyte length shortening (Fig. 6A) . Efficient overexpression of GFP was determined via fluorescent microscopy of isolated myocytes (Fig. 6B) , and overexpression of mutant HSP27 was verified using a human specific HSP27 antibody (Fig. 6C, top) . Adenoviral overexpression of a nonphosphorylatable human HSP27 mutant (HSP27-3A) completely rescued in vitro CPinduced deficits in myocyte contractility (Fig. 6, A and D) . In addition, inhibition of p38 MAPK with 5 M SB-203580 also blocked CP-induced decreases in contraction but had no effect on baseline contractility (Fig. 6E) .
Isolated rat cardiomyocytes were infected with GFP or increasing doses of HSP27-3A and subjected to in vitro CP. Simulated CP and reperfusion increased the phosphorylation of endogenous rat HSP27 (Fig. 7, top) . Increased expression of the nonphosphorylatable HSP27 (Fig. 7, middle) did not block the phosphorylation of endogenous nonmutant rat HSP27 (HSP25). In conjunction with Fig. 6 , these results suggest the Fig. 4 . p38 MAPK mediates CP-induced heat shock protein 27 (HSP27) and ␣B-crystallin (cryAB) phosphorylation. A: immunoblot analysis of isolated heart LV tissue probed with anti-phospho (p)-Ser15-HSP27, anti-pSer86-HSP27 and total HSP27. Graph displays normalized fold increase in phosphorylation over sham. B: immunoblot analysis of isolated heart LV tissue probed with anti-pSer59-cryAB and total cryAB. Graphs display normalized (to nonphosphorylated proteins) fold increase in phosphorylation over sham. Values are means Ϯ SE; n ϭ minimum of 6 per group. *P Ͻ .05 vs. sham (1-way ANOVA, Holm-Sidak). http://ajpheart.physiology.org/ possibility that phosphorylation of HSP27 does not cause depressed myocardial contraction, per se, but that maintaining a pool of unphosphorylated HSP27 promotes improved cardiomyocyte contraction.
DISCUSSION
The principle findings of this study were that 1) myocardial stunning following CP and reperfusion associates with increased p38 MAPK activation and HSP27 and cryAB phosphorylation, 2) supplementation of cardioplegic solution with the p38 MAPK inhibitor SB-203580 blocks CP-induced contractile deficits and phosphorylation of both HSP27 and cryAB, and 3) overexpression of nonphosphorylatable HSP27 or blockade of HSP27 phosphorylation with SB-203580 rescues CP-induced contractile deficits in isolated myocytes. However, the effects of HSP27-3A are independent of endogenous HSP27 phosphorylation.
The significance of phosphorylation of HSP27 and cryAB in cardiac function is controversial. Phosphorylation of specific residues on each protein is implicated in positive and negative regulation of a number of processes relevant to ischemic injury, including protein chaperone function and apoptosis (25, 27) . However, a number of recent animal studies have indicated that cryAB and HSP27 may be key modulators of myocardial contractile function. The fact that phosphorylation of HSP27 and cryAB causes their translocation to cytoskeletal constituents of the sarcomere in other models suggests the hypothesis that HSP27 and cryAB may directly influence mechanics of the contractile apparatus (7, 10, 31, 32) . However, our current data and data presented in the literature suggest that preservation of nonphosphorylated HSP27 and cryAB may promote cardiac contractile function. The follow- ing evidence is consistent with this view. First, ischemiainduced activation of p38 MAPK is associated with depressed cardiomyocyte contractile function, and inhibition of p38 MAPK elicits a positive inotropic effect in isolated myocytes (3, 21) . Second, overexpression of either wild type or a nonphosphorylatable mutant of HSP27 partially blocks ischemia-induced contractile deficits in mouse hearts (14) . Third, transgenic mice with a double knockout of cryAB and the related myotonic dystrophy protein kinase-binding protein (MKBP) have impaired contractile activity following ischemic injury (24) .
We have demonstrated that CP-induced contractile deficits and the associated phosphorylation of HSP27 and cryAB are mediated by p38 MAPK. Inhibition of both HSP27 and cryAB phosphorylation is associated with improvements in cardiac function, including increased LV developed and systolic pressure and ϮdP/dt. However, experiments with isolated myocytes demonstrated that overexpression of a nonphosphorylatable HSP27 improved contractile performance in the absence of inhibiting HSP27 phosphorylation. These results indicate that phosphorylation and subsequent effects of phosphorylated sHSPs do not negatively affect contractile function. Therefore, the presence of nonphosphorylated sHSPs may enhance contractile function. The phosphorylation of sHSPs following CP may remove or reduce the nonphosphorylated sHSP inotropic effect.
Indeed, phosphorylation of HSP27 and cryAB have been implicated in protective functions following myocardial I/R injury including stabilization of cytoskeletal elements of the cardiomyocyte, including actin, troponin, desmin, and titin (8, 9, 22, 27) . Potentially, CP-induced phosphorylation of sHSPs may represent a protective response to preserve myocardial integrity at the expense of normal cardiac function. Therefore, from a therapeutic standpoint (although less feasible), overexpression of nonphosphorylatable sHSPs may provide the best mechanism of treatment for myocardial stunning, because it does not block the endogenous phosphorylation response. However, pharmacological inhibition of p38 MAPK was not associated with any deleterious effects in our studies and may be a potential therapeutic regardless of reduced sHSP phosphorylation. Future studies examining later time points following reperfusion may help in identifying whether any deleterious effects are associated with inhibition of the sHSP phosphorylation response.
Finally, SB-203580 is an inhibitor of both p38 MAPK␣ and p38 MAPK␤. The general consensus in the literature is that activation of p38 MAPK␣ promotes reduced function and apoptotic signals. In contrast, activation of p38 MAPK␤ may be associated with cardioprotective signals. Regarding ischemic insults, data indicate that inhibition of p38 MAPK␣ and activation of p38 MAPK␤ may be beneficial for ischemic injury (reviewed in Refs. 1, 23) . It is unclear which isoform(s) is(are) activated or inhibited in our rat model of cardioplegic arrest. Targeted molecular approaches and or specific inhibitors are required to clearly resolve this issue.
Limitations. A main limitation of the current study is the use of a small animal model to study cardioplegic arrest. To reliably induce myocardial stunning in this model, pilot experiments demonstrated a requirement for CP duration longer than 60 -90 min. In our own experience and in published human studies, stunning can be detected over considerably shorter durations of CP (29) . Another limitation was the use of crystalloid cardioplegia to test the efficacy of SB-203580; although crystalloid cardioplegia is still routinely used, blood crystalloid cardioplegia is more common. Future studies are required to determine whether inhibition of p38 MAPK is effective in enhancing cardiac function following blood crystalloid cardioplegia and reperfusion. Finally, deleterious effects associated with cardiopulmonary bypass were not assessed in this model, so a model of in vivo CP and reperfusion is required to determine whether SB-203580 is as effective in alleviating contractile deficits following any injury associated with extracorporeal circulation.
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